1.. INTRODUCTION
================

Worldwide, domestic pigs can be divided into two main clades: Asian- and European-types, which diverged from each other around 58,000 years ago. The European wild boars were domesticated at least in the 4th millennium BC and then rapidly spread throughout Europe \[[@R1],[@R2]\]. Asian pigs were thought to have been introduced into Europe during the late 18th and early 19th centuries \[[@R3]\], and recent studies suggest this has had a significant impact on the diversity of these breeds. Significant breed development took place from the 18th Century, followed by extensive organized genetic improvement (artificial selection) through the application of quantitative genetics theory in the second half of the 20^th^ Century. Even so a large number of local breeds are maintained especially in China. It is commonly held that current European and Asian pig breeds are domesticated from different ancestors that might have different genome wide diversity and extent of linkage disequilibrium (LD).

Initial genetic studies in the pig mainly focused on investigating the genetic diversity of a breed at relatively small numbers of individual sites, which is essential for sustainable management of genetic resources for future utility. With the identification of the first useful DNA marker (HAL1843) in the ryanodine receptor gene for marker assisted selection \[[@R4]\], a burst of research looking for variation in DNA sequence took place in order to explain useful variation in economic traits. The availability of many genetic markers enabled the search for quantitative trait loci (QTL) using various breeding populations \[[@R5],[@R6]\] or by candidate gene approaches \[[@R7]\]. Typically, QTL studies made use of the higher variability of microsatellite markers and the generation of their maps. Candidate gene studies resulted in the identification of SNPs or indels. One of the key aspects for utility in marker assisted selection was the identification of consistent effects across different breeding populations or lines \[[@R8]-[@R10]\]. This increased confidence in the associations and simplified application. This across population marker relationship was essentially searching for markers that are in LD with causative mutations \[[@R11]\]. This desire for LD across populations meant that true associations within an individual line were often not used (type-2 error), but this was made up for by their more widespread utility. As the identification of large numbers of SNPs became easier then it was possible to explore the extent of LD in livestock, in order to determine the density required for different applications especially genome wide association studies. The availability of dense SNP panels (\>50,000 SNPs per species) enables many different marker studies. Applications in the pig, include: inference on population history, structure and dynamics, estimation of effective population size, QTL mapping strategies, and whole genome association studies and genomic selection \[[@R12],[@R13]\]. Therefore, knowledge of genomic diversity within and between populations is becoming more and more important in current livestock research.

The development of high throughput genomic techniques provides us with an opportunity to assess genome wide diversity and its structure. Since the earlier draft sequence published for human (2001) and cattle (2009), an increasing number of studies have aimed at studying genomic diversity and LD in human and cattle \[[@R12]-[@R16]\]. For example, panels of more than 50,000 SNPs are available for cattle, pigs, sheep, chickens and horses and the latest panels for cattle contain more than 800,000 SNPs. The pig is now catching up these other species. To date most studies are based on a low marker density or a limited genomic region, which limits the utility of the results \[[@R1],[@R17]-[@R22]\]. The development of the Porcine 60K SNP panel helps to investigate genome wide diversity with a higher resolution \[[@R23]\]. Compared with other livestock, porcine populations are heavily structured and arranged in breeds for economic interest and environments. Comparative genomic diversity enables us to explore the degree of genomic variation and LD among pig and other species. This also helps to detect genomic regions that have been subject to selective sweeps in different pig populations.

The focus of this review is on pig, however, we will compare the pig with results from human as well as other livestock species. We begin by discussing pig genomic diversity within sites and then addressed the genomic diversity among sites described by LD. In each case, we briefly compare pig genomic diversity with human and other livestock. The mechanisms for maintaining genomic diversity in pig are briefly discussed, including the factors of migration, introgression, selection and drift. A comprehensive review on population genomic diversity from the perspective of evolutionary theories is detailed in this volume by Hu *et al.* \[[@R24]\].

2.. PIG GENOMIC DIVERSITY WITHIN SITES
======================================

2.1. Genetic Diversity within Populations
-----------------------------------------

Pig genomic diversity within populations is quite variable. Observed heterozygosity ranged from 0.35 to 0.60, with an average \~ 0.5 across 17 autosomal chromosomes in 11 European pig breeds \[[@R25]\]. These values were similar to those in Chinese populations, ranging from 0.429 to 0.677 \[[@R19]-[@R20]\]. The expected heterozygosity was much higher than the observed heterozygosity in many reports. The average expected heterozygosity ranged from 0.53 to 0.80 among 13 populations from both Asia and Europe, including domestic and wild boars \[[@R20]\]. Chinese population had much higher diversity, ranging from 0.700 to 0.876 from 18 Chinese pig breeds \[[@R26]\]. If we consider a worldwide scale, pig populations had quite variable heterozygosities on different chromosomal regions. For example, the mean heterozygosity varied from 0.56 to 0.68 on chromosome 4 (SSC4) and from 0.65 to 0.80 on chromosome 7 (SSC7) in different populations \[[@R21]\]. This may reflect the relatively long time of breeding and selection for the pig.

A large number of SNPs are currently available for most species, such as human \[[@R27]\], cattle \[[@R15]\] and pig \[[@R23]\]. Recently, more than 372,000 SNPs were identified in swine, among which 45,510 SNPs were mapped to specific chromosomes in porcine genome build 7, including 21 SNPs on chromosome Y \[[@R23]\]. This number has now grown to more than 23 million (M. Groenen personal communication) with around 9M shared by both European and Chinese breeds. The number of SNPs varies largely on different chromosomes. With the exception of chromosome Y, most SNPs were identified on chromosome 1, followed by chromosomes 14, 4, and 7. Chromosome 12 had the least number of SNPs. This distribution partly reflects the cytogenetic map of the pig -- chromosome 1 is the largest metacentric chromosome and 12 the smallest. The ratio of transitions to transversions was 2:1 \[[@R28]-[@R30]\], similar to that observed in human \[[@R31]\].

These SNPs were used to construct a panel using the Illumina platform, 64,232 SNPs were decoded and selected \[[@R23]\]. This panel shows quite a variable marker distribution among chromosomes and between genome builds as well as a proportion of unmapped SNPs, reflecting the incomplete state of knowledge of the pig genome to date. The average distance between SNPs on porcine genome build 7 was 30-40 kb, except for the X chromosome that had the larger distance (59.2 kb). This is close to the target required for efficient genome wide association studies according to estimates of LD. However, the largest distance between SNPs was around 450 kb on chromosomes 13 and 15, and the smallest gap was 161.2 kb on chromosome 18. The largest distances between SNPs in build 8 were generally higher than those in build 7. The number of intervals with a gap size larger than 250 kb was 115 and 207 in builds 7 and 8, respectively. In genome build 7, most gaps were on chromosomes 14 and X. Some chromosomes (2, 3, 6, 10, 12, 16 and 18) did not have any large gaps between the SNPs. In build 8, an increasing number of large gaps were observed for all chromosomes except for SSC14 where unmapped SNPs in build 7 were added in build 8, filling the observed large gaps \[[@R23]\]. These differences reflect the maturation of the genome sequence with different builds correcting some and introducing other errors. The latest build of the swine genome is build 10 which will be used for preparation of the sequence publication \[[@R32]\].

2.2.. Genetic Diversity Among Populations
-----------------------------------------

Since pig breeds from Asian and European populations were domesticated from different ancestors, they are expected to have different genetic diversities. One suggestion is that Asian wild boars had higher genetic diversity compared to European wild boars \[[@R2]\]. The nucleotide diversity in terms of Watterson's method (θ) was 30% larger in Asian than in European populations \[[@R22]\]. Asian populations also have higher average heterozygosity than European populations. The observed and expected heterozygosities for worldwide breeds are summarized in Table **[1](#T1){ref-type="table"}** \[[@R19]-[@R20],[@R25]-[@R26]\]. It can be viewed that the average observed heterozygosity in Asian breeds was 0.566, ranging from 0.332 to 0.702, which in European breeds was around 0.542, at a range of 0.35 - 0.65. Furthermore, the average expected heterozygosity was also higher for Asian breeds (0.752) than for European breeds (0.570). Compared to domestic breeds, wild boars have a much higher observed heterozygosity, with an average of 0.628 and the range of 0.55 - 0.68.

The genetic distance among populations is very varied reflecting the differences in domestication model and history in the two regions. We have summarized the *Nei's* genetic distances between populations in Table **[2](#T2){ref-type="table"}** \[[@R19],[@R25],[@R26]\]. The average genetic distance in Asian populations was slightly higher than that in European populations. In Asian breeds, the average *Nei's* genetic distance was 0.531, with a range from 0.194 to 1.188. In European populations, the average genetic distance was 0.495, ranging from 0.163 to 1.122. Higher average genetic distance was observed between European and Asian clades (1.434), which was nearly three times larger than those within populations. The smallest value was even up to 1.119 between Duroc and Tibet pigs \[[@R26]\]. However, Kim *et al*. \[[@R1]\] reported a smaller value (\~ 0.017) between Asian and European pigs based on mtDNA D-loop sequences using the maximum-likelihood method, which was also much larger than that within Asian and European populations (\~ 0.004).

Most genetic variation occurred within populations rather than between breeds from Asia and Europe. A summary of *F~ST~* from the literature \[[@R19],[@R25],[@R26]\] is provided in Table **[2](#T2){ref-type="table"}**. The average *F~ST~* value (0.257) between Asian and European populations was much higher than those within populations. When compared within the two different regions, the overall genetic differentiation for Asian populations was \~ 0.227, ranging from 0.182 to 0.294, much higher than that for European (0.134). The *F~ST~* value between domestic and wild boars for Asian (0.29) was also higher than that for European (0.194) \[[@R19],[@R25],[@R33]\]. A recent study using microsatellite markers also confirmed that the largest pairwise *F~ST~* was between Asian and European breeds (0.410, between Meishan and Hampshire), and the smallest was observed within European breeds (0.021, between Duroc and Yorkshire) \[[@R20]\].

All Asian and European pigs were closely related in terms of their maternal lineages, but they were different from each other. In wild boars, the average percentage sequence divergences calculated by mtDNA were 0.2370 within Chinese population, 0.3718 within European, and 0.5603 between Chinese and European. In domestic populations, the pairwise nucleotide sequence divergence was much lower (0.0056) between Chinese and European breeds \[[@R34]\]. Asian domestic populations had much larger variability than European breeds. Analysis based on mtDNA markers in 1536 samples (45 European and 21 Chinese breeds) indicated that the average frequency of mtDNA haplotypes in Asian was 29% of European breeds, but varied from 0 to 100% within individuals. A total of 28 Asian haplotypes were found in Chinese pigs, but only 6 Asian haplotypes were shared between European and Chinese populations \[[@R35]\]. These differences in genetic diversity are consistent with a strikingly different population history of humans and domestic animals. One separate study also revealed that the frequency of Asian haplotypes was low or absent in Duroc and Hampshire lines. The Landrace lines were less affected by Asian introgression than Large White lines. The haplotype in Pietrain which was originally developed in Belgium was completely absent in German and some commercial breeding lines, but showed a very high frequency of Asian haplotypes in some French lines \[[@R35]\]. It is worthwhile to note that Chinese breeds attributed high genetic diversity, with a higher level of haplotype diversity and smaller haplotype blocks than both wild boars and European breeds, but shared high levels of frequent haplotypes with Large White, Landrace, and Duroc. They also had a lower percentage of SNPs with the minor allele frequency (MAF) \< 0.05. For instance, Meishan, a famous prolific Chinese breed, shared haplotypes that occurred at high frequency in European breeds \[[@R17]\].

2.3.. A Comparison with Human and Other Livestock
-------------------------------------------------

A comparison of pig genomic diversity with human and other livestock is summarized in Table **[3](#T3){ref-type="table"}**. It shows that heterozygosity in pig was smaller than that in human and other livestock, but more flexible. Genetic variation within populations and genetic distance were much larger in pig than in human and other livestock.

The average expected heterozygosity in human ranged from 0.7 to 0.9 \[[@R36]\], which was higher than the values observed in pig (\~ 0.5). Other primates had lower heterozygosity than those in pig, such as 0.38 observed in gorilla \[[@R37]\] and 0.32 observed between Western and Eastern chimpanzee \[[@R38]\]. The genetic diversity between populations (*F~ST~*) was lower in human than in pig (0.021 - 0.410, Table **[3](#T3){ref-type="table"}**). In human, *F~ST~* was 0.05 - 0.13 for autosomal SNPs \[[@R39]-[@R43]\], \~ 0.11for autosomal copy number variations (CNVs) in a small set of populations, and 0.09 - 0.10 for *Alu* insertions polymorphism \[[@R43],[@R44]\]. Biswas *et al*. \[[@R14]\] indicated that 85% - 95% of human genetic variation was attributable to differences among individuals (higher heterozygosity), and that 5% - 15% was due to the differences between populations (lower *F~ST~*).

The genetic diversity was more extensive in goat than in pig (Table **[3](#T3){ref-type="table"}**). Recent studies \[[@R45],[@R46]\] using more than five southern Indian goat breeds based on microsatellite markers showed that the genetic diversity within breeds (*F~IS~*) ranged from 0.03 to 0.32. The observed and expected heterozygosities were at ranges of 0.42 - 0.67and 0.61 - 0.73, respectively. Among different goat breeds, *Nei's* genetic distance differed from 0.067 to 0.830. The genetic diversity between breeds (*F~ST~*) ranged from 0.012 to 0.200. The overall proportion of genetic differentiation among breeds was around 0.14, such as 0.02 in Guadarrama goat \[[@R47]\], 0.06 and 0.17 in Egyptian and Italian goat breeds \[[@R48]\], 0.13 in north-western goat breeds of India \[[@R46]\], and 0.15 in indigenous goats of Sub-Saharan Africa \[[@R49]\]. Compared to pig, the average proportion of genetic diversity within goat breeds is much larger, and among breeds is much lower.

The average heterozygosity in cattle is slightly higher than that in pig (see Table **[3](#T3){ref-type="table"}**). The observed and expected heterozygosities in cattle were at the ranges of 0.47 - 0.74 and 0.45 - 0.78, respectively. While the genetic diversities both within (*F~IS~*) and between breeds (*F~ST~*) seem to be a slightly lower in cattle than in pig. *Nei's*genetic distance was much larger in pig (0.163 - 1.794) than in cattle (0.015 - 0.382). Compared to pig, cattle genetic diversity has been more widely studied. Genetic diversity in Chinese breeds was higher than that in European breeds. This is similar to that found for the pig. In Chinese cattle breeds, the mean heterozygosity was at a range of 0.69 - 0.76, and Nei\`s genetic distance ranged from 0.025 to 0.352 \[[@R50]\]. In European breeds, the observed and expected heterozygosities were 0.49 - 0.72 and 0.45 - 0.71, respectively. The genetic distance was at a range of 0.029 - 0.309 \[[@R51],[@R52]\]. In Brazilian breeds, the average observed and expected heterozygosity were much higher, ranging from 0.6316 to 0.7409 and 0.7151 to 0.7839, respectively. Genetic diversity within (*F~IS~*) and between (*F~ST~*) populations were slightly lower. Nei's distance was at a range of 0.084 - 0.382 \[[@R53]\]. Pakistan cattle breeds displayed a moderate observed (0.47 - 0.51) and expected heterozygosity (0.63 - 0.67) \[[@R54]\].

3.. PIG GENOMIC DIVERSITY AMONG SITES
=====================================

3.1.. LD within Populations
---------------------------

Within pig populations, a wide range of LD was observed on different chromosomes. With 29 and 5 microsatellite markers located on SSC15 and SSC2 in different lines, respectively, LD in terms of *r^2^* was higher for SSC2 (0.35 - 0.48) than for SSC15 (0.15 - 0.19) \[[@R55]\]. By investigating LD on SSC4 and SSC7 in five domestic pig populations, the mean *D´* was higher on SSC7 than on SSC4, and LD decreased faster with the marker distance on SSC4 than on SSC7 \[[@R21]\]. Using the Porcine 60K SNP Beadchip, **c**hromosomes 10 and 12 had the lowest average LD, chromosomes 1, 13, and 14 had the highest value \[[@R56]\]. Using the 60K panel, at the distance of 30 kb interval, the average LD on different autosomal chromosomes varied from 0.39 to 0.55 (*r^2^*). When considering longer SNP pair distance (3 Mb), differences in LD between different chromosomes were even larger up to 0.2 (for *r^2^* value) \[[@R56]\]. It indicated that LD distance in pig could extend to 3 Mb even with a higher value of *r^2^*. The significant LD variation among different regions was mainly due to the strong artificial selection on economic traits.

*D´* and *r^2^* are widely used to evaluate inter-site associations in livestock. *D´* strongly depends on allele frequency, and it decreases as the MAF increases. *r^2^* is more influenced by linkage distance. By using \~ 4,500 autosomal SNPs in more than 6,000 pigs from six commercial lines \[[@R18]\], the highest average *D´* was observed in case of MAF as 0.067. The *r^2^* values indicated that the largest LD was in the most tightly linked group. As the linkage distance increased from 0.1 to 40 cM, the average *r^2^*reduced from 0.371 to 0.008. The observed average *r^2^* began to rapidly decrease when the linkage distance approached to 3 cM. Amaral *et al*. \[[@R17]\] used high density SNP markers across 18 chromosomes in more than 20 pig breeds to evaluate pig LD. They suggested that LD extended to 1 - 3 cM in these pig populations, with *r^2^* being 0.3 as a threshold. Marker density and sampling size are the main factors that affect the accuracy of LD evaluation, which further influences the design of whole genome wide association studies. Nsengimana *et al*. \[[@R21]\] suggested that a marker density of 5 - 10 cM according to *D´* value was feasible in commercial pig populations for genome-wise association. Du *et al*. \[[@R18]\] recommended a considerably higher density of 0.1 to 1 cM for an initial whole genome scan. After a comparison among the distances from 40 - 60 kb \[[@R57]\] up to 400 kb \[[@R17]\] with commercial pig breeds, Ramos *et al*. \[[@R23]\] predicted that a density of 5 - 10 markers per cM was needed to conduct whole genome association studies in European breeds. However, a higher density is required for Asian breeds (see below).

3.2.. LD AMONG POPULATIONS
--------------------------

The genome wide inter-site associations in terms of LD differ among different populations. Modern breeding programs increased the extent of LD and caused significant differences between European and Chinese pig breeds. LD decayed more rapidly in Chinese breeds than in European breeds, indicating that the extent of LD was smaller in Chinese breeds than in European breeds. In European breeds, LD extended up to 2 cM, and large haploblocks could be up to 400 kb; whereas in Chinese breeds, the extent of LD was smaller (0.05 cM) and generally did not exceed 10 kb \[[@R17],[@R58]\]. Chinese breeds had smaller LDs than European counterparts \[[@R17]\]. LD in Meishan breeds was larger than other Chinese breeds, but still smaller than that in most European breeds. When the whole genome was considered, the SNP spacing for European pig breeds was 0.1 cM, and 30,000 SNPs per individual were informative (with a MAF \< 0.05 and *r^2^* = 0.3). However, for Chinese breeds with a similar sample size, the SNP spacing was 0.005 cM, and 500,000 SNPs per individual would be required \[[@R17]\]. This large difference in LD between European and Chinese breeds can be explained by the different ancestral stocks and modern breeding systems that produced smaller effective population sizes in Europe. However, both Chinese and European populations were not significantly different from wild boars in LD. The European wild boars showed an intermediate LD between Chinese and European domestic breeds \[[@R17]\].

Contrary to Chinese breeds, European breeds showed significant differences in LD \[[@R17]\]. By using the Porcine 60K SNP BeadChip \[[@R56]\], at the SNP distance interval of 5 Mb in Finnish breeding populations, Landrace displayed lower LD than Yorkshire. In Landrace, the percentages of adjacent SNP pairs with *r^2^* \> 0.3 and *r^2^*\> 0.2 were 49% and 57%, respectively; while the corresponding percentages for Yorkshire were 52% and 60%. At the average useful *r^2^* \> 0.2, the SNPs density in Landrace and Yorkshire extended to 1.0 and 1.5 Mb, respectively, which resulted in a smaller effective population size (*N~e~*) for Yorkshire (55) than for Landrace (80). Similar *N~e~* were also obtained in American Landrace (74) and Berkshire (77), but higher in Hampshire (109) and Duroc (113) \[[@R59]\]. This, to some extent, reflected the different LDs in various populations. The variation of *D´* was also highly significant in Yorkshire, Large White and Landrace populations. The lowest *D´* was in Large White breeds, and the highest was in Duroc breeds \[[@R21]\].

3.3.. Comparison of Pig LD with Human and other Livestock
---------------------------------------------------------

A comparison of LD among pig, human, and other livestock is summarized in Table **[4](#T4){ref-type="table"}**. It shows that, at the same *r^2^*threshold, LD was significantly larger in pig than in human, but much smaller than in sheep. Compared with cattle, LD was much larger in pig at threshold of *r^2^*= 0.2 but similar to cattle at threshold of *r^2^*= 0.1.

### 3.3.1.. Human

Due to a smaller effective population size and the stronger selection that has occurred in livestock, LD was significantly greater in pig (1 - 3 cM) than in human. The average LD in human was up to \~ 30 kb with a high variability, depending on the different populations and marker density used. Computer simulations and empirical data suggested that human LD extended only 3 - 5 kb for common disease SNPs, meaning that approximately 500,000 SNPs at least was needed for whole-genome studies \[[@R60],[@R61]\]. Later studies revealed that LD could extend to a distance greater than 100 kb in some cases \[[@R62],[@R63]\]. Among different populations, it revealed that LD in northern European populations was at a range of 10 - 30 kb, while LD in northern African populations was much lower \[[@R64]\]. Reich *et al*. \[[@R65]\] analyzed various extents of LD in different chromosomes based on common alleles and found levels of LD extending up to 40 - 160 kb in different regions. The United States population of north-European descent displayed LD extending 60 kb, which was greater than that in a Nigerian population.

The LD information is very useful for estimating *N~e~* in different populations (see above for examples in pigs). For the SNP-pair interval less than 100 kb across all of the genome, the*N~e~* estimate was \~3100 for western European, Japanese and Chinese, and \~7500 for the Yoruba population \[[@R66]\]. This result supports the out-of-Africa theory of ancestral human population expansion and concurrent bottlenecks. Compared with human, pig has a significantly larger extent of LD (1 - 3 cM) and results in a smaller *N~e~* and fewer informative markers required for genome wide studies, at least for the European pig populations.

### 3.3.2.. Cattle

Generally, cattle have larger LD than human, but smaller LD than pig. LD in cattle was at a range of 40 - 100 kb at the threshold of *r^2^* \> 0.2 \[[@R12],[@R15],[@R67]\]. de Roos *et al*. \[[@R12]\] compared 2430 animals from 5 breeds genotyped for 3072 SNP markers crossing 30 chromosomes. The average *r^2^* was 0.14 at marker distance of 100 kb. It indicated that at least 50,000 SNP markers were required for whole genomic selection. McKay *et al*. \[[@R13]\] reported the similar extensive LD by approximately 2670 genome markers within eight cattle breeds. They displayed that the average *r^2^* was 0.15 - 0.2 at a physical distance of 100 kb SNP loci apart, indicating that 30,000 - 50,000 markers were needed to conduct whole genome association studies. When microsatellite markers were used with four cattle breeds to estimate LD \[[@R16]\], at a marker-pair distance less than 5 cM, the average *r^2^* value across the populations was 0.16 at a range of 0.11 - 0.22. For the distance greater than 50 cM, the average *r^2^* declined to 0.07. Compared with cattle, pig LD was much stronger, especially for the useful *r^2^* \> 0.2.

Extensive LD in cattle varied a little among different populations. In Holstein-Friesian cattle, by analyzing 1,566,890 syntenic and 365,400 non-syntenic SNP pairs that cover all autosomes \[[@R68]\], the significantly useful LD extended to 40 kb for *r^2^* and 8.2 Mb for *D´*. It indicated that at least 75,000 SNPs and a sample size of 75 or 400 would be required for whole genome association study. Qanbari *et al*. \[[@R15]\] used Illumina Bovine 50K SNP BeadChip to analyse LD structure in German Holstein-Friesian cattle. A mean value of 0.21 (*r^2^*) was observed for SNPs less than 100 kb apart. For American Holstein cattle, *r^2^* was much larger (0.59) at the same marker distance (100 kb) \[[@R69]\]. Kim & Kirkpatrick \[[@R70]\] also revealed strong LD (*r^2^* \> 0.8) in genomic regions with marker distance less than 50 kb. LD for SNP pair intervals 100 kb apart (*r^2^* = 0.14) was similar to that in Holstein-Friesian cattle. Compared with pig, LD among populations varied less in cattle. This is in agreement with the common notion that a larger proportion of genetic variation exists within than between populations in most organisms.

### 3.3.3.. Sheep

Compared with pig, LD in sheep seems much more extensive and flexible. High LD extending to 10 - 60 cM was observed in two domestic sheep breeds evaluated by microsatellite markers \[[@R71]\]. Large frequency of significant LD (*D\`*) was observed for syntenic marker-pairs with the interval less than 60 cM. By using 490 markers in Soay sheep \[[@R72]\], 22% marker pairs had *D´* \> 0.2 as for marker-pair distance \< 10 cM. Meadows *et al*. \[[@R73]\] used 28 microsatellites in 555 animals from five sheep populations and obtained a flexible LD among different populations. Small LD ranging from 0 to 5 cM was obtained in five populations. In White Faced Suffolk, Poll Dorset and Macarthur Merino populations, average LD extended up to 20 cM in non-syntenic markers. A strong LD was observed at a marker-pair interval of 30 cM in several populations. The *D´* value between non-syntenic marker pairs ranged from 0.266 (Poll Dorset) to 0.322 (Merino × Border Leicester). *r^2^*decayed faster within Merino and Merino × Border Leicester. LD varied a lot among populations in sheep, similar to the results in pig.

4.. MECHANISMS FOR MAINTAINING PIG GENOMIC DIVERSITY
====================================================

4.1.. Migration and Introgression
---------------------------------

A significant differentiation in genetic diversity and LD exists between Asian and European pig populations. One reasonable explanation is that their domestications originated from different ancestors. However, they shared some important haplotypes with each other, which might come from extensive migration between populations and incomplete lineage sorting. Historic and demographic events revealed that Near Eastern pigs were definitely introduced into Europe during the 18 -- 19^th^ centuries. When European wild boars were domesticated, they rapidly became the predominant lineage within European domestic swine \[[@R2]\]. So the nucleotide diversity in Europe had been heavily influenced by the migration from Asia \[[@R74]\]. There was also a widespread haplotype shared between breeds, but a significant genetic distance existed between European and Asian breeds \[[@R1],[@R17],[@R34],[@R35]\]. Even in a very low initial*N~e~*, subsequent migration can lead to a high level of polymorphism. While maternal introgression from European domestic pig has no or very little impact on Chinese breeds. That is why some European haplotypes were detected in some local breeds, but no European mtDNA haplotypes were detected \[[@R35]\].

4.2.. Selection
---------------

Efficient artificial selection has a dramatic influence on livestock genome diversity and linkage disequilibrium. This effect depends on the direction, intensity, duration and consistency of selection over time. For a long time, in pigs selection focused on growth and fatness (representing demand for cheap lean meat). The availability of dense marker panels provides the opportunity to consider LD between regions and to search for signatures of selection as a means to identify causative mutations or other useful markers as has been done in several species.

For example, two of the first QTL to be identified in the pig were on chromosomes 4 and 7. These include QTL for growth and fatness traits. However, despite significant efforts the genetic variation underlying these QTL has not been elucidated. The extent of LD for SSC7 was significantly larger compared to SSC4 \[[@R21]\]. Further analysis of LD in these regions found that Duroc and Landrace were under the strong selection pressure for both SSC4 and 7 while the selection effect for Large White and Yorkshire was only on SSC7. Interestingly, a significant difference in LD between SSC18 and SSC3 was also obtained (SSC18 \> SSC3) that seemed to correlate with the numbers of candidate genes under selection, as several QTLs were mapped on SSC18 \[[@R17]\]. More recently Ojeda and colleagues have studied a number of gene regions under the SSC4 fatness QTL (FAT1) \[[@R22]\]. Although, they found significantly higher diversity for the region of the gene FABP4, they were unable to find any clear sign of a selective sweep in any of the breeds tested. This study did provide insight into the exchange of germplasm between China and Europe, and the authors concluded that an important part of variability within European breeds is due to introgression from Asian pigs. In this case migration is countering the loss of diversity caused by bottlenecks and artificial selection, with this mixing making it potentially harder to identify selective sweeps in pigs.

Modern breeding practices and best linear unbiased prediction (BLUP) selection starting in the last century led to a rapid increase of genetic gain and large LD in pig breeds. This can cause inbreeding that increases LD but reduces genetic diversity. Taking Meishan for example, in order to increase the population size and reproductive performance, an inbred line of Meishan was developed in the late 1980s in a selection scheme. This may explain the lower genetic variability observed within Meishan \[[@R19]\] and that the level of LD was higher \[[@R17]\] compared to those in other Chinese populations.

Selection reduces genetic diversity on the next generation but enhances LD. Selection on one locus or multiple loci, will increase LD between the neighbouring loci and the selected locus. As a result of intensive artificial selection, livestock have a larger LD than human populations. In addition, selection can cause LD between unlinked loci that contribute to phenotypes undergoing selection \[[@R18]\]. This could also affect the structure of genomic diversity in livestock.

4.3.. Drift
-----------

Domestication in livestock essentially results in two processes: the decline in *N~e~* (bottleneck effects) and directional artificial selection. The reduction in*N~e~* can lead to lower genetic diversity. LD initially generated by genetic drift gradually reduces with time. The genetic drift effects are substantial in historic pig breeds. The development of European and Chinese pig breeds has been different and the study of these differences can provide additional insights on diversity and these processes. It appears that the differences described to date are the result of differences in the number of ancestral stocks as well as the differences in modern breeding systems. Selection is likely to have been stronger in Europe and N America than in Asia. European breeds had smaller effective population sizes, resulting in stronger LD \[[@R17]\]. American Landrace and Berkshire had smaller *N~e~* than Hampshire and Duroc breeds, producing different LDs for the same marker-intervals \[[@R21],[@R59]\]. The joint effects of artificial selection and genetic drift produce different patterns of structured genomic diversity.

5.. CONCLUSION
==============

In this review, we summarized genomic diversity within and between sites in pig (*Sus scrofa*) and compared them with human and other livestock. It is concluded that genetic diversity is smaller in pig than in human and other livestock. A relatively larger genetic variation within populations (*F~IS~*) exists in pig compared with cattle and goat. A majority of genetic variation in pig was distributed within rather than between populations, similar to human and other livestock. A large genetic distance exists between Asian and European populations. Asian breeds harbour much larger variability than European breeds. For the different genetic diversity structures, the inter-site associations described by LD were much stronger in pig (1 - 3 cM) than in human (\~ 30 kb) and cattle (\~ 100 kb), but less than in sheep (\~ 10 cM). LD varied largely among different populations in pig and sheep, but a little in cattle. This review confirms that, strong breeding and selection programs have occurred in pig for a relatively long time, which resulted in the relatively lower heterozygosity and higher *F~IS~* and larger LD, compared with human and cattle. This also implies that a smaller effective population size and less informative markers would be needed for pig whole genome association studies (at least for European populations). To some extent, this difference might arise from the joint effects of migration, selection, and drift during the process of pig domestication.
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###### 

Summary of Observed and Expected Heterozygosity Estimates in European and Asian Breeds as well as Wild Boars Adapted from the Literature \[[@R19], [@R20], [@R25], [@R26]\]

                       Observed Heterozygosity *(H~o~)*   Expected Heterozygosity*(H~e~)*                                             
  -------------------- ---------------------------------- --------------------------------- ------------- ------------- ------------- -------------
  No of observations   17                                 28                                5             17            28            5
  Range                0.35 - 0.65                        0.33 - 0.70                       0.55 - 0.68   0.35 - 0.71   0.43 - 0.89   0.66 - 0.76
  Average              0.542                              0.566                             0.628         0.570         0.752         0.708
  S.D                  0.078                              0.087                             0.050         0.095         0.132         0.039

###### 

A Summary of Genetic Distance (*Nei*) and Genetic Variation (*F~ST~*) between Different Populations from the Published Literature \[[@R19], [@R25], [@R26]\]

                       *Nei*           *F~ST~*                                                         
  -------------------- --------------- --------------- --------------- --------------- --------------- ---------------
  No of observations   58              174             52              10              3               15
  Range                0.163 - 1.122   0.194 - 1.188   1.119 - 1.794   0.021 - 0.209   0.182 - 0.294   0.169 - 0.410
  Average              0.495           0.531           1.434           0.134           0.227           0.257
  S.D                  0.189           0.188           0.166           0.055           0.059           0.080

###### 

Comparison of Pig Genomic Diversity with Human and other Livestock Summarized from Published Results

  Species   Within Populations   Between Populations   References                                    
  --------- -------------------- --------------------- ------------- --------------- --------------- ------------------------------------
  Pig       0.33 - 0.70          0.35 - 0.88           0.15 - 0.52   0.163 - 1.794   0.077 - 0.270   \[[@R19], [@R20], [@R25], [@R26]\]
  Human     \-                   0.7 - 0.9             \-            \-              0.027 - 0.160   \[[@R14], [@R27], [@R75]\]
  Cattle    0.47 - 0.74          0.45 - 0.78           0.05 - 0.26   0.015 - 0.382   0.028 - 0.216   \[[@R50]-[@R54]\]
  Goat      0.42 - 0.67          0.61 - 0.73           0.03 - 0.32   0.067 - 0.830   0.012 - 0.200   \[[@R45], [@R46]\]

*H~o~* and *H~e~*: observed and expected heterozygosity, respectively.

*F~IS~* and *F~ST~*: fixation indices of genetic diversity within and between populations.

*Nei*: genetic distances between populations estimated by *Nei* standard method.

###### 

Comparison of Pig LD Ranges with Human and other Livestock Summarized from Published Results

  Species   *[r^2^](#T4F1){ref-type="table-fn"}* range   References     
  --------- -------------------------------------------- -------------- ----------------------------------------------------
  Pig       \< 3 Mb (cM)                                 \< 5 Mb (cM)   \[[@R17], [@R18], [@R56]\]
  Human     \< 30 kb                                     \< 100 kb      \[[@R64], [@R66]\]
  Cattle    \< 100 kb                                    \< 5 cM        \[[@R12], [@R13], [@R15], [@R67], [@R68], [@R70]\]
  Sheep     \< 10 cM                                     \< 30 cM       \[[@R73]\]

LD estimated by *r^2^* value.
